ABSTRACT The present study was conducted to determine the changes in concentrations of hormones and growth factors and their related receptor gene expressions in crop tissue, relative organ weight, and serum biochemical parameters in male and female pigeons during incubation and chick-rearing periods under artificial farming conditions. Seventy-eight pairs of 60-week-old White King pigeons with 2 fertile eggs per pair were randomly divided into 13 groups by different breeding stages. Serum prolactin and insulin-like growth factor-1 (IGF-1) concentrations in crop tissue homogenates were the highest in both male and female pigeons at 1 d of chick-rearing (R1), while epidermal growth factor (EGF) in female pigeons peaked at d 17 of incubation (I17) (P < 0.05). mRNA expression of the prolactin and EGF receptors in the crop tissue increased at the end of incubation and the early chick-rearing stage in both sexes. However, estrogen, progesterone, and growth hormone receptor expression each decreased during the early chick-rearing stage (P < 0.05). In male pigeons, IGF-1 receptor gene expression reached its peak at R7, while in female pigeons, it increased at the end of incubation. The relative weight of breast and abdominal fat in both sexes and thighs in the males was lowest at R7, and then gradually increased to the incubation period level. Serum total protein, albumin, and globulin concentrations increased to the highest levels at I17 (P < 0.05). Total cholesterol, triglyceride, and low-density lipoprotein reached their highest values at I17 in male pigeons and R25 in female pigeons (P < 0.05). In conclusion, hormones, growth factors, and their receptors potentially underlie pigeon crop tissue development. Changes in organs and serum biochemical profiles suggested their different breeding-cycle patterns with sexual effects.
INTRODUCTION
The avian crop plays a major role in food storage and moistening and provides a functional barrier for pathogens (Kierończyk et al., 2016) , but in brooding pigeons, under prolactin stimulation, epithelial cells in the crop proliferate, accumulate nutrients via unclear mechanisms, and finally slough off to complete the "crop milk" formation (Horseman and Buntin, 1995; Gillespie et al., 2011) . The prolactin receptor interacting with the Life-history theory indicates that individuals trade off current and future reproductive success (Stearns, 1992) . Reproduction-induced changes in body weight or energy reserves suggest a cost to the animal itself (Gammonley, 1995; Neto and Gosler, 2010) . Methods for balancing breeding efforts between males and females, and the energy required for survival, sustenance, and caring for offspring via the interactions between body condition and nutritional and environmental factors have always been difficult (Farner and Wingfield, 1980; Scanes et al., 1984) . Domestic pigeons are monogamous, non-seasonal breeders, and are known for their biparental care of their eggs and young. Squabs have an impressive growth performance, nearly reaching adult body weight at 28 d . The body weight loss of parental pigeons under different nutritional manipulation strategies suggests that their reproduction is physiologically challenging (Xie et al., 2016) .
Animals' phenotypic flexibility in organ size occurs in response to environmental factors or physiological states (Hammond et al., 2001; Bauchinger and Biebach, 2006) . Previous studies on migrating birds showed that digestive organs hypertrophied while flight muscle atrophied to facilitate fueling (Piersma and Gill, 1998; Landys-Ciannelli, 2003) . Organ changes in breeding birds are less studied than those in response to migration and molting, despite weight loss being common during reproduction (Gaston and Perin, 1993; Christians and Williams, 1999; Vézina and Williams, 2003) . In addition, serum biochemical metabolites are important indicators of animals' physiological states. Avian plasma chemistry studies have examined various aspects, including the influence of age , sex (Ferrer and Dobado-Berrios, 1998) , nutrition , and circadian rhythms (García-Rodriguez et al., 1987) ; however, little information exists on the dynamic changes in organs and serum biochemical profiles of adult pigeons during different breeding cycle stages.
Therefore, the objective of the present study was to determine the changes in concentrations of hormones, growth factors, and gene expression of their related receptors, organs, and serum biochemical parameters in male and female pigeons during incubation and chick rearing under artificial farming conditions.
MATERIALS AND METHODS
All procedures used in this study were approved by the Animal Care Committee of the Chinese Academy of Agricultural Sciences.
Birds and Sample Collection
A total of 156 (60 wk of age) adult White King pigeons (78 pairs of 78 males and 78 females each) was obtained from a commercial pigeon farm (Weitekai Pigeon Co., Ltd., Wuxi, China). All pairs were coupled when sexually mature, and chosen from a large flock (about 2,000 pairs). They all have a non-breeding phase between egg-laying and chick-rearing stages. Each pair of parent pigeons was housed in a manmade aviary equipped with a nest and perch. To avoid egg breakage, fertile eggs were hatched artificially, and plastic eggs were provided to maintain broodiness as described in the previous study (Xie et al., 2017) . The time interval between the first and second egg production was about 44 hours. In order to keep in sync, 2 plastic eggs were put into cages only after the second egg was laid, and pigeon squabs hatched from the incubator were reared by parents after 18 d of incubation. Parent pigeons were fed a compound diet of 55% corn, 24.5% soybean meal (44.2% crude protein), 11% wheat, 1.2% dicalcium phosphate, 2% limestone, 0.25% salt, 0.5% vitamin and mineral premix, 2% soybean oil, 3.42% zeolite powder, 0.07% lysine, and 0.06% methionine (16.67% crude protein, 12.00 MJ/kg of metabolizable energy, 1.13% calcium, 0.34% available P, 0.89% lysine, and 0.31% methionine). The nutrient levels were recommended by pigeon producers in southern China and Xie et al. (2017) . During the study, caged birds were housed in a room under a 16L:8D lighting cycle. The mean daily temperature was 23±4
• C. Pellet feed, sand, and water were provided ad libitum.
The parent pigeons were assigned randomly into 13 groups by different breeding stages, which included d 2 (I2), 4 (I4), 6 (I6), 10 (I10), 14 (I14), and 17 (I17) of the incubation period and d 1 (R1), 4 (R4), 7 (R7), 10 (R10), 15 (R15), 20 (R20), and 25 (R25) of the chick-rearing period. Pigeons were weighed, and blood was sampled by wing vein puncture before a 12-hour fasting. Serum was prepared by centrifugation at 1,500 × g for 20 min at 4
• C and stored at -20 • C for subsequent analysis. After blood sampling, all pigeons were euthanized by cervical dislocation. Crop tissues were quickly frozen in liquid nitrogen and stored at -80
• C. Heart, liver, spleen, pancreas, proventriculus, gizzard, breast, thigh, abdominal fat, and kidney were weighed and the relative weights (RW) were calculated by expressing them as a percentage of the whole body weight. Eggs and baby squabs were transferred to a commercial pigeon farm to be cared for by other pigeons.
ELISA
Prolactin and gonadal steroid hormones in the serum were measured using commercial ELISA kits: Human Prolactin (PRL) ELISA Kit (Abcam Inc., Cambridge, MA), Estradiol (E2) Parameter Assay Kit (R&D Systems Inc., Minneapolis, Minnesota), and Progesterone (P) ELISA Kit (Sigma-Aldrich Corp., St. Louis, MO). Assays were conducted in duplicate. The minimal detectable dose and intra-assay coefficients of variation (CV) were 0.05 ng/mL and 6.8% for prolactin, 12.1 pg/mlL and 4.7% for E2, and 0.22 ng/mL and 5.2% for P, respectively. Absorbance at 450 nm was measured by microplate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). Concentrations of epidermal growth factor (EGF) and insulin-like growth factor-1 (IGF-1) were examined in the crop tissue. According to the method described by Bharathi et al. (1997) , the crop was carefully excised as a whole and opened longitudinally, and rinsed in ice-cold saline to remove the contents and blotted dry. The middle part of the right lateral lobe was homogenized in 10 volumes of lysis buffer (Key-GEN, Nanjing, China) with an Ultra-Turrax (T8, IKALabortechnik, Staufen, Germany). The process was conducted on ice. The homogenate was centrifuged at 10,000 rpm for 10 min at 4
• C, and the supernatant was pooled. EGF and IGF-1 were measured using the ELISA method (Boster Biological Technology, Wuhan, China) under 450 nm. The detection limit and intraassay CV were 7.8 pg/mL and 5.9% for EGF, and 62.5 pg/mL and 7.2% for IGF-1.
RNA Isolation and Real-time Quantitative PCR
Total RNA was isolated from the crop tissue using the Trizol method. Briefly, the frozen middle part of the left lateral lobe was finely shattered in liquid nitrogen, and 0.1 gram of tissue powder was immediately transferred into 1.0 mL Trizol reagent. Then, 200 μL of chloroform were added, and the mixture was centrifuged at 12, 000 rpm for 10 min at 4
• C. The aqueous phase was transferred into another tube. RNA was precipitated with isopropanol, washed with 75% ethanol, and finally resuspended in diethypyrocarbonate-treated H 2 O. Genomic DNA was eliminated using RNase-free DNase (TaKaRa, Dalian, China). RNA quality was examined by both native RNA electrophoresis and the UV absorbance ratio at 260 nm and 280 nm. cDNA was synthesized by M-MLV reverse transcriptase at 42
• C for 60 min with oligo dT-Adaptor primer.
The mRNA abundances of the prolactin receptor (PRLR), estrogen receptor (ER), progesterone receptor (PR), growth hormone receptor (GHR), insulin receptor (INSR), EGF receptor, and IGF-1 receptor were detected by real-time quantitative PCR (qRT-PCR). The qRT-PCR was performed using SYBR Premix Ex Taq (TaKaRa, Dalian, China) on an ABI StepOne Plus Real-Time PCR system (ABI7500, Carlsbad, CA). The 18S rRNA gene was used as the internal control. The PCR program was 95
• C for 30 s, followed by 42 cycles of 95
• C for 3 s, 60
• C for 10 s, and 72
• C for 30 seconds. Each sample was analyzed in triplicate. Melting curve analysis was used to verify amplification specificity. The relative expression quantity was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). The primers for the receptors and 18S are shown in Table 1 .
Biochemical Study
The concentrations of serum total protein (TP), albumin (ALB), creatinine (CRE), urea nitrogen (UN), uric acid (UA), glucose (GLU), total cholesterol (TC), triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) were analyzed by an automated system (7020 analyzer, Hitachi HighTechnologies Co., Tokyo, Japan) with standard commercial kits following the protocols recommended by the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The serum globulin (GLB) concentration was calculated by subtracting the ALB concentration from the TP concentration.
Statistical Analysis
All data were presented as means ± SE. Data were statistically evaluated using SPSS 17.0 (SPSS Inc., Chicago, IL), and analyzed using the GLM procedure. The model included the main effects of sex, stage, and their interactions. Differences among breeding stages were estimated by Duncan post-hoc test. All of the statements of significance were based on P < 0.05.
RESULTS

PRL, E2, and P
Different breeding stages significantly affected PRL and E2 concentrations in pigeon serum. PRL concentration ranged from 0.46 to 0.57 ng/mL and 0.29 to 0.47 ng/mL from I2 to I14 in male and female pigeons, respectively ( Figure 1A ). It rapidly reached the peak value (male: 2.29 ng/mL, female: 1.54 ng/mL) in both sexes at R1 (P < 0.05), and then gradually decreased to the base concentration after R15. In male pigeons, serum E2 concentration was higher at R10 (39.06 pg/mL) and R15 (46.87 pg/mL) (P < 0.05) ( Figure 1B ), but in female pigeons, it increased drastically after R15 (P < 0.05) ( Figure 1B ). In both male and female pigeons, the P concentration showed no changes during the incubation or chick-rearing period (P > 0.05) ( Figure 1C ). An interaction of sex × breeding stage for the concentrations of PRL (P = 0.014), E2 (P < 0.001), and P (P = 0.027) was observed in the study (Table 6 ).
Gene Expression of Hormone Receptors
All hormone receptor genes (PRLR, ER, PR, GHR, and INSR) were expressed in the crop tissues of both male and female pigeons. They all varied significantly with stage and with the interaction of sex and stage (Table 6 ). mRNA expression of PRLR showed a similar pattern of change in both male and female pigeons, reaching peak values at I17 and I14, respectively (P < 0.05) ( Figure 2A ). ER gene expression was lower at R1 in both male and female pigeons (P < 0.05) (Figure 2B) , and PR and GHR gene expression decreased during the incubation period (P < 0.05) . PR mRNA reached the lowest level at R1 in both males and females, and at R4 for GHR. In male pigeons, no changes were found in INSR gene expression in male crop tissue during incubation or chick rearing ( Figure 2E ). In female pigeons, INSR gene expression reached a peak value at R4, and then decreased sharply during the late chick-rearing period (P < 0.05) (Figure 2E) .
EGF and IGF-1
EGF and IGF-1 concentrations in crop tissue homogenates showed similar change patterns in both male and female pigeons, and they changed significantly with sex, with stage, and their interaction (Table 7) . Relatively higher levels of EGF were found in the late incubation period (after I14) and at the beginning of the chick-rearing period (before R7) (P < 0.05) (Figure 3) . Peak values for EGF (male: 378.70 pg/mL) and IGF-1 concentrations (male: 5424.20 pg/mL, female: 5064.06 pg/mL) were reached at R1, except for EGF in females (349.84 pg/mL), which was at I17.
EGF and IGF-1 Receptors
mRNA abundance of the EGF receptor in crop tissue reached its highest value at I17 in male pigeons and at R1 in female pigeons (P < 0.05) ( Figure 4A ), and then , and insulin receptor (E) in crop tissues of male and female parent pigeons during incubation and chick-rearing periods. The stages included incubation period: I2, I4, I6, I10, I14, and I17; and chick-rearing period: R1, R4, R7, R10, R15, R20, and R25. Values are means ± SEM (n = 6 males and females). Bars with the different capital letters (A-F) or lowercase letters (a-e) are significantly different (P < 0.05).
decreased to the level at the start of incubation. In male pigeons, IGF-1 receptor gene expression was highest at R7, while in females, it increased significantly from I14 to I17 (P < 0.05) ( Figure 4B ). An interaction of sex and stage for the gene expression of the EGF receptor (P = 0.009) and IGF-1 receptor (P < 0.001) also was observed in the study (Table 6 ).
Body Weight and Relative Organ Weight
As shown in Figure 5 , body weight of both male pigeons and female pigeons was the greatest at I17, and it decreased significantly at R15 in males and R7 in females (P < 0.05). Different incubation and chickrearing stages did not affect the RW of the heart, liver, spleen, pancreas, or kidney (P > 0.05) (Figures 6A-D ; 8B). In female pigeons, proventriculus RW was higher at R7 (P < 0.05) ( Figure 7A ), while gizzard RW decreased to the lowest at R1 (P < 0.05) ( Figure 7B ). Breast RW in both males and females and thigh RW in males were the lowest at R7, and then gradually increased to the incubation period level (P < 0.05) (Figure 7C-D) . Thigh RW in females was lowest at I4 (P < 0.05) ( Figure 7D ), and it also was affected by the interaction of sex and stage (P = 0.016) ( Table 8) . Abdominal fat RW increased at I17, but sharply decreased at R7 and R1 in male and female pigeons, respectively (P < 0.05) ( Figure 8A ).
Serum Biochemical Parameters
Serum TP, ALB, and GLB concentrations reached the highest value at I17 (P < 0.05), and then decreased to the lowest at R4 in both male and female pigeons (P < 0.05) ( Table 2 ). CRE and UA concentrations were the highest at R7 in both sexes during the incubation and chick-rearing stages (P < 0.05) ( Table 3 ). UN concentration in male pigeons increased after R15 (P < 0.05), whereas it was higher at R25 than at other stages in female pigeons (P < 0.05) ( Table 3) . In male pigeons, TC, TG, and LDL concentrations reached their highest values at I17 (P < 0.05), while they were highest at R25 in female pigeons (P < 0.05). HLD concentration peaked at R15 (P < 0.05) for males, and at I17 in females (P < 0.05) ( Table 5 ). Concentrations of HDL and LDL also varied significantly with the interaction of sex and stage (Table 9) . Different incubation and chick-rearing stages did not affect pigeon serum GLU concentration (P > 0.05) ( Table 4) .
DISCUSSION
Prolactin produced by the pituitary gland in pigeons has been shown to induce a marked epithelial hyperplasia of the crop tissue (Dumont, 1965; Horseman and Buntin, 1995) , leading to "milk" formation, which includes lipid (Horseman and Will, 1984; Gillespie et al., 2013) and protein synthesis (Hu et al., 2016) during the brooding period. To support crop milk feeding, a complex array of behavioral adaptations (parental hyperphagia and feeding activity) is triggered by high levels of prolactin secretion (Foreman et al., 1990; Hnasko and Buntin, 1993) . In the present study, prolactin increased at the end of the incubation period, and peaked at the beginning of the chick-rearing period, which was consistent with the previous study (Horseman and Buntin, 1995) . Crop sac development was directly followed by increased prolactin levels (Goldsmith et al., 1981; Horseman, 1987) , and its weight and thickness remained higher during the first wk of lactation (Hu et al., 2016) . Vandeputte-Poma (1980) reported that pure pigeon milk constituted only 50% of crop content at 12 d after squab hatching and is replaced by full grains at the end of chick rearing. In the present study, the serum prolactin level gradually decreased to the base concentration after R15. This fluctuation was well conformed to the regular changes in physiological structure of crop tissue and pigeon milk formation.
In an early study, gonadectomy appeared to have no adverse effects on crop milk production, indicating that gonadal steroids may be not involved in crop development and stimulation (Schooley et al., 1941) . In mammals, estradiol and progesterone also play important roles in mammary gland development, including gland lobuloalveolar growth, ductal enlongation and differentiation, and cell proliferation (Stingl, 2011) . However, relatively lower estradiol levels in pigeons during incubation and at the beginning of chick rearing were found in the present study. It may be caused by higher prolactin levels, which induced ovarian regression (Dawson, 2006). In addition, adopting chicks also leads to decreased gonadal steroid secretion (Leboucher et al., 1990) . Estradiol synthesized by stroma and the theca layer of white non-hierarchical and yellow hierarchical follicles is essential for nutrient accumulation during egg formation (Bahr et Table 2 . Concentrations of serum total protein (TP), albumin (ALB), and globulin (GLB) of male and female pigeons during different stages of incubation and chick-rearing periods. 1 PRL = prolactin; E2 = estradiol; P = progesterone. 2 PRLR = prolactin receptor; ER = estrogen receptor; PR = progesterone receptor; GHR = growth hormone receptor; INSR = insulin receptor. Table 9 . P-values for the effects of sex, stage, and their interaction in serum biochemical parameters in male and female pigeons during incubation and chick-rearing period. 1 TP = total protein; ALB = albumin; GLB = globulin; CRE = creatinine; UN = urea nitrogen; UA = uric acid; GLU = glucose; TC = total cholesterol; TG = triglyceride; HDL = high-density lipoprotein; LDL = low-density lipoprotein. Wistedt et al., 2014) . Serum estrogen levels in female pigeons increase during the egg-laying period (Dong et al., 2013) . Higher concentration of serum estradiol in female pigeons after R15 in the present study may be explained by the relatively longer breeding cycle needing a slower follicle development due to a continued hormone effect. However, estradiol's function in male pigeons during chick rearing remains unclear.
Our data showed that the changing pattern of PRLR gene expression coincided with prolactin fluctuation in both male and female pigeons. The prolactin receptor belongs to the class I cytokine receptor superfamily and is considered as a candidate gene for broodiness (Dunn et al., 1998) . We found it at higher concentrations in late incubation and at the beginning of chick rearing. PRLR modulates prolactin-inducible signal transmitting (Vleck et al., 2000) , and prolactin can increase the receptor content in the pigeon crop sac (Shani et al., 1981) , possibly because it increases activity of PRLR promoter via the STAT5 pathway found in mammals (Welte et al., 1994) .
Although both ER and PR can be directly regulated by the corresponding hormone ligands via distinctive membrane signaling (Dominguez and Micevych, 2011; Sivik and Jansson, 2012) , changing gene expression patterns in pigeon crop tissue were incompatible with the circulating hormone fluctuation during the breeding period, indicating that other factors may be involved in this regulation. The PR gene contains an Sp1 site and could confer estrogen responsiveness to a heterologous promoter in an estrogen receptor-dependent manner (Schultz et al., 2003) . The correlation between ER and RP gene expression probably also exists in the pigeon crop. Compared to ER and PR, the similar changing pattern of GHR gene expression in crop tissue also made it likely unnecessary in crop-stimulating growth. This study raised the new question of whether prolactin negatively affects gene expressions of ER, PR, and GHR in pigeon crops. In addition, the irregular change in INSR gene expression only in female pigeon crops showed its potential involvement in crop milk formation or other physiological processes.
Both EGF and IGF-1 concentrations in crop milk decreased during chick rearing in a previous study (Xie et al., 2013) , which was similar to the results for the crop tissue in the current study. It suggested that EGF and IGF-1 in crop milk and crop tissue probably have the same origination. Milk secreted by mammals contains higher EGF and IGF-1 concentrations, and both subsequently decreased in the later period of lactation (Donovan et al., 1994; Xu, 1996) . The changing pattern of 2 growth factors was found to coincide with crop weight and thickness changes, as reported by Hu et al (2016) . This result indirectly verified the early hypothesis that crop cell proliferation might be brought about by the synergistic action of prolactin and growth factors (Anderson et al., 1987) , which can accumulate in the tissue during brooding (Bharathi et al., 1993) . Generally, a final cellular outcome can be governed by input from several factors, because the combined effect of cellular inputs may be more than their individual effects due to synergistic action (Crouch et al., 2000) .
Growth factors such as IGF-1 and EGF play important roles in multiple cellular responses, including DNA synthesis, nutrient accumulation, and mitogenesis (Thomas et al., 1982; Adams and Haddad, 1996; Deleu et al., 1999; Berfield et al., 2002; Mau et al., 2008) . The authors speculated they were also potentially involved in crop tissue hyperplasia and milk formation via their receptors. In addition, IGF-1 stimulates insulin-like action, and the overlap in action is due to the high homology between the INSR and the IGF-1 receptor, initiating the intracellular signaling pathway via similar cascades (Taniguchi et al., 2006) . A nearly 4-fold increase in insulin levels was found in lactating pigeons, although it did not distinguish the parental sex (Hu et al., 2016) , and insulin also enhanced the gene expression of the IGF-1 receptor and effectively induced EGF receptor accumulation on the actin arc of cells (Crouch et al., 2000; Hunter and Hers, 2009) .
Seasonal variations, reproductive cycle, and sexrelated differences in body weight and organ dynamics are well-documented in water fowls, passerines, or some species of wild migratory birds in the wild (Ankney and MacInnes, 1978; Gammonley, 1995; Woodburn and Perrins, 1997; Badzinski et al., 2011; Jacobs et al., 2011) , but similar studies in pigeons are few, especially under artificial caged farming conditions. We hypothesized that pigeons allocate energy resources for the most demanding period of the reproductive cycle through phenotypic flexibility in body weight and organ size. In female blue tits, body reserves increased after clutch completion, and were mobilized during the first 5 d of the nestling period, which showed a decrease in whole body weight (Woodburn and Perrins, 1997) . Lower body weights in male and female pigeons during the chick-rearing period observed in the present study were probably due to both parents giving the contributions of caring for offspring. Lean dry weight and fat content of the digestive system in female blue tits also was found to be decreased during the beginning of the nestling period (Woodburn and Perrins, 1997) , but no significant changes in gizzard or intestine weight during the reproductive cycle were reported in ruddy ducks (Tome, 1984) . In the present study, the proventriculus RW increased at R7 and gizzard RW decreased at R1 in female pigeons, but no changes in these 2 organs were found in males, indicating that sex and potential species differences existed.
Breast muscle is a key factor for flight performance, and it also functions as a nutrient reserve that can be used during the reproductive cycle (Kullberg et al., 2002) . However, no evidence of incubation negatively affecting bird's body condition was found, and energy reserves increased during this period, such as in Savi's Warblers, although the female did most of the incubating (Neto and Gosler, 2010) . Similar results for thigh RW in female pigeons were found in our experiment. As in other studies, breast muscle in bird species decreased in weight during chick rearing (Woodburn and Perrins, 1997; Neto and Gosler, 2010) , which was almost entirely due to protein (Jones, 1991) and lipid loss (Jacobs et al., 2011) . This phenomenon also was observed in the present study, and in passerines, the decline in muscle during the breeding season was even greater in females than in males (Gosler, 1991) . The author speculated that both male and female parent pigeons probably incurred physiological stress when caring for offspring, but the relative contributions of the 2 sexes, as well as the mechanism involved, remain unclear.
Our study found dramatic changes in abdominal fat RW, especially in female pigeons within only a few d (from I17 to R1). It was reported that body fat content can change rapidly in birds, for instance, during the d and as an adaptation to predation risk (Gosler, 1996) .
The decline in organ RW in parent pigeons mostly occurred before R15 in the present study. These results verified the hypothesis that the first half of the nestling period may be more demanding because the parents have to brood and feed the nestlings simultaneously, having little time to feed themselves (Sanz and Moreno, 1995; Moe et al., 2002) . During the second half of the nestling period, parent pigeons do not need to remain in the nest as long, and the food received by the squabs changes from crop milk to whole grains (Vanderputte-poma, 1980; Horseman and Buntin, 1995) . This suggested that the physiological stress of the parent pigeons was alleviated after R15.
Blood metabolites, such as glucose, protein, albumin, and TG, are indicative of nutritional status in general (Junghanns and Coles, 2008) . In the present study, continuous increases in serum TP, ALB, and GLB in both male and female pigeons during incubation are attributed to strengthening of the metabolism by protein synthesis. ALB is a carrier protein for many hormones and metal ions (Refetoff et al., 1970; Cookson et al., 1988) . Prolactin induces serum albumin translation (Baruch et al., 1998) , and the maximum ALB value parallels with the peak prolactin level during the terminal incubation phase in pigeons reported by Gayathri and Hegde (2006) . In addition, squab pigeons obtain the immunoglobulins, mainly IgA and IgG, through crop milk from parental transfer (Jacquin et al., 2012) . However, with crop tissue regression during the second half of the chick-rearing period, squabs were gradually fed by full grains, and this may be why the trend of recovered serum protein indices occurred.
Creatinine, a byproduct of phosphocreatine breakdown in skeletal muscle, is another important indicator of protein metabolism (Piotrowska et al., 2011) . We speculated that the increased serum creatinine value probably correlated with breast and thigh muscle decomposition, which showed a lower RW at R7 in the present study.
UA and UN come mainly from digestion, the breakdown products of the digestive tract, and the metabolites released from tissue cells (Wang et al., 2009) . Their changes can reflect the efficiency of amino acid use throughout the body (Donsbough et al., 2010) . Casado et al. (2002) found that nestling brooding eagles had higher plasma UA and UN concentrations than nonbrooding ones, which was consistent with our results. We speculated that physiological stresses brought on by feeding squabs may incur the 2 increased parameters with muscle tissue decomposition.
Serum levels of TG, TC, LDL, and HDL are used to measure serum lipid levels (Chou et al., 2012) . Our data showed that serum concentrations of TC, TG, and LDL were lower in both male and female pigeons at the beginning of chick rearing, which may be due to lipid formation in crop milk with the decrease of abdominal fat RW simultaneously. However, the time needed to reach the higher values of these parameters differed between males and females, indicating that potential differences in lipid metabolism existed between the two sexes, as sexual dimorphism in the plasma lipid profile established in mammals (Wang et al., 2011) . The higher values of serum TC, TG, and LDL detected in female pigeons during the terminal phase of chick rearing was probably due to the continuously increasing estradiol level. This phenomenon has already been shown in female mammals (Ferreri and Naito, 1978; Cinci et al., 2000; Mady, 2000) .
CONCLUSIONS
Prolactin, EGF, and IGF-1 concentrations, as well as gene expression of their receptors in pigeon crop tissues changed dynamically during the breeding cycle, and these factors potentially underlie crop tissue development with a combined effect. The RW of breast muscle, thigh muscle, and abdominal fat declined significantly during chick rearing, which may function as a nutrient reserve for later use. Serum biochemical profiles detected in the present study showed that protein and lipid metabolism-related parameters in adult pigeons varied significantly during incubation and chick rearing with sexual effects.
